Introduction
The adhesive interactions of cells, either with their neighbours or with adjacent extracellular matrix (ECM), influence many aspects of cell behaviour [1, 2] . W e are interested in the organization of these adhesions and in their roles in signalling to cells. Many cells in culture display two types of adhesion that are linked to the actin cytoskeleton: adherens junctions, involved in cell-cell interactions, and focal adhesions, involved in adhesion to the underlying ECM [3-51. Changes in these types of adhesions occur in vivo under a variety of circumstances. For example, during several stages of development, epithelial cells give rise to mesenchymal cells [6, 7] . Associated with this transition are pronounced changes in the organization and stability of cell-cell adhesions [8-lo] . Similarly, changes in adherens junctions accompany the malignant transformation of epithelial cells [ 11,121. In such cells, a degeneration or loss of adherens Abbreviations used: ECM, extracellular matrix; FAK, focal adhesion kinase. *To whom correspondence should be addressed.
junctions is frequently detected as these cells become more mesenchymal or fibroblastic in their morphology [13, 14] . The transformed cells display a more fibroblastic morphology and grow in culture as more loosely associated colonies or as individual cells (Figure 1) . W e have found that these alterations in cell behaviour are paralleled by altered cellular adhesions and by a reorganized actin cytoskeleton. Immunofluorescence staining of actin and vinculin reveals the actin cytoskeleton of the MCF-1OA-N cells to be organized into continuous adhesion belts which encircle the perimeter of the cells and support adherens-type junctions. This Volume 23 cytoskeletal organization probably enhances the stability of these cell-cell junctions and contributes to the poor motility of the colonies of these cells, which is characteristic of normal epithelia. The actin of the ras-transformed MCF-1OA-T cells is organized into stress fibres that span the cell. These cells also show increased focal adhesions, whereas their adherens junctions are less continuous than in the normal cells (Figure 2 ). The enhanced emphasis upon cell-substrate adhesions seems to occur at the expense of cell-cell interactions. The remainder of this article will focus upon the events in ras-transformed MCF-1OA cells which might govern the change from cell-cell to cell-substrate adhesions.
Ras transformation alters cell-cell junctions
We have examined the cell-cell adhesions of rastransformed MCF-1 OA cells and have identified several alterations. Immunolocalization studies reveal that E-cadherin, the predominant cell-celladhesion molecule utilized by the MCF-1OA cells, is found at sites of cell-cell contact in both the normal and ras-transformed cells. However, E-cadherin is less tightly associated with the actin cytoskeleton in the ras-transformed cells. Most E-cadherin at sites of cell contact between ras-transformed cells can be removed under conditions of rather mild detergent extraction (e.g. buffer containing 1% Triton X-100). In the normal cells, equivalent extraction requires stronger detergent treatment (e.g. buffer containing 1 % Triton X-100, 0.5% deoxycholate and 0.2% SDS). As detergent resistance generally correlates with cytoskeletal association, these data are consistent with the observation that actin and vinculin are not organized within the adhesion belts of ras-transformed cells. Cadherin molecules do not interact directly with actin. Rather, the linkage occurs through catenin molecules, which associate with the cytoplasmic domain of cadherin [20-221. We therefore examined that linkage of cadherin with catenins and found that altered E-cadherin-catenin associations correlate with the decreased cytoskeletal linkage of E-cadherin in the ras-transformed MCF-10A cells. Whereas the interaction of E-cadherin with the a-and y-catenin molecules does not differ significantly between the normal and transformed MCF-1 OA cells, the association of E-cadherin with /?-catenin can hardly be detected in the ras-transformed cells. Furthermore, detergent solubility studies reveal decreased cytoskeletal association of /?-catenin molecules from the ras-transformed cells. Thus, the linkage of E-cadherin with the cytoskeleton may be compromised in two ways. First, the association of /?-catenin with E-cadherin is diminished. Secondly, /?-catenin displays decreased association with the actin cytoskeleton. Both properties would be expected to decrease the stability of the cell-cell junctions of the ras-transformed MCF-1OA cells (Figure 3 ).
We have begun to examine what might be responsible for the altered associations of /?-catenin with E-cadherin and the actin cytoskeleton in the ras-transformed cells. In the course of these studies, we detected elevated tyrosine phosphorylation of /?-catenin in the ras-transformed cells. The elevated tyrosine phosphorylation of /?-catenin correlated with its inability to associate with the actin cytoskeleton. Furthermore, treatment of the ras-trans- Figure 3 
Distinct E-cadherin-catenin complexes
The organization of E-cadherin complexes expressed in normal (top) and ras-transformed (bottom) MCF-IOA cells is shown. Note that tyrosine phosphorylation of B-catenin and p120 Cas affects the formation and stability of the E-cadherin junctions. formed cells with herbimycin A, an inhibitor of protein tyrosine kinase activity, was sufficient to restore the associations of /?-catenin both with the actin cytoskeleton and with E-cadherin (Figure 3) . This inhibitor also restored adherens-junction formation and the normal epithelial morphology of the ras-transformed cells. Although it is presently unclear how tyrosine phosphorylation of /?-catenin decreases interactions with E-cadherin or the actin cytoskeleton, it is notable that B-catenin has also been shown to be tyrosine phsophorylated in v-srctransformed cells and in cells treated with growth factors that induce tyrosine phosphorylation [27-291. Both v-src transformation and growth factor treatment have also been shown to dissociate adherens-type junctions and to induce a cellular morphology quite similar to that of the ras-transformed MCF-1OA cells [23-291. Concomitant with the decreased association of B-catenin with E-cadherin in the ras-transformed MCF-10A cells are increased interactions between the p120 Cas molecule and E-cadherin. p120 Cas, originally identified as a substrate of the v-src kinase [30,3 13 , has recently been shown to share limited sequence similarity with /?-catenin [ 32,331 and to interact with E-cadherin [34] . p120 Cas also displays elevated tyrosine phosphorylation in the ras-transformed cells and tyrosine-phosphorylated Volume 
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p 120 Cas can be detected in association with E-cadherin in these cells. The tyrosine phosphorylation of p 120 Cas correlates with enhanced cadherin association and may regulate competition between pcatenin and p120 Cas for binding to E-cadherin. We have found that p120 Cas, whether it is bound to E-cadherin or not, fractionates in the Tritonsoluble pool, suggesting that it is only weakly associated with the actin cytoskeleton, if at all. An exchange of p120 Cas for p-catenin would be expected, therefore, to result in more labile E-cadherin complexes and to decrease the stability of junctions between the transformed cells ( Figure 3 ).
Tyrosine phosphorylation and focal adhesion formation
The studies reported above indicate that tyrosine phosphorylation of p-catenin and p120 Cas correlates with the decreased stability of adherens-type junctions. This was a rather unexpected finding as the cells employed in our studies were transformed by ras, which itself does not possess intrinsic protein tyrosine kinase activity, and ras is generally thought to lie downstream of tyrosine kinases such as growth-factor receptors [35, 36] . It will be important to explore which kinase is responsible, but one possibility is that activated ras is inducing secretion of a growth factor, leading to autocrine stimulation of a growth-factor receptor [37] .
We have also investigated the role of elevated tyrosine phosphorylation in augmenting focal adhesion formation in the ras-transformed MCF-10A cells (Figure 2 ). Previous studies have linked tyrosine phosphorylation with the formation of focal adhesions and with the regulation of cell-substrate adhesions [ 381. For example, immunostaining with anti-phosphotyrosine reveals focal adhesions as major sites of tyrosine-phosphorylated proteins in adherent fibroblasts [ 38, 391 . The focal adhesion kinase (FAK) specifically accumulates within focal adhesions and becomes activated in response to integrin engagement that occurs during cell spreading on to purified ECM components [40, 41] . Our laboratory has demonstrated previously that tyrosine phosphorylation is required for focal-adhesion formation [38, 42] .
The ras-transformed MCF-1 OA cells display elevated focal-adhesion formation and elevated tyrosine phosphorylation of focal-adhesion proteins such as FAK [40] and paxillin Our studies point to a role for tyrosine phosphorylation in the regulation of both cell-cell and cell-substrate interactions. Although preliminary studies correlate the enzymic activity of the FAK tyrosine kinase with ras-transformation of MCF-10A cells, its role in these processes is presently unclear. An unresolved issue is whether the alterations in cell adhesion and junction composition are co-ordinately regulated. For example, the decreased association of the actin cytoskeleton with adherenstype junctions might facilitate its reorganization into stress fibres and focal adhesions. Finally, it will be important to determine whether observations of human breast epithelia transformed in vitro adequately model the changes in cell motility and invasiveness characteristic of malignant human mammary carcinomas in vim. 
